The role of adaptive immunity in the development or progression of chronic obstructive pulmonary disease (COPD) remains undefined. Recently, the presence of autoantibodies and autoreactive T cells has been demonstrated in COPD patients. In addition, oligoclonal expansions of lung T cells have been observed in COPD patients, but the overlapping incidence of infections, tumors, and cigarette smoke exposure obscures the antigenic stimulus. We analyzed the TCR V␤ repertoire of CD4 and CD8 T cells purified from the lungs and spleens of mice chronically exposed to cigarette smoke. In a mouse model of COPD, we demonstrate that chronic cigarette smoke exposure causes oligoclonal expansions of T cells isolated from the lungs, but not spleens. TCR V␤ repertoire analyses revealed oligoclonal expansions predominantly occurred in lung CD8 T cells, with preferential usage of V␤7, V␤9, V␤13, and V␤14. Using nucleotide sequence analysis based on J␤ analyses, we demonstrate selection of CDR3 amino acid motifs, which strongly suggests Ag-driven oligoclonal T cell expansion. Analysis of the lung TCR V␤ repertoire of mice with cigarette smoke-induced emphysema, which had undergone smoking cessation for 6 mo, revealed that oligoclonal expansions persisted. This study formally demonstrates that chronic cigarette smoke exposure, alone, causes a persistent adaptive T cell immune response. These findings have important implications for therapeutic approaches in the treatment of COPD, and provide insight into potential mechanisms involved in disease pathogenesis.
C hronic obstructive pulmonary disease (COPD)
3 is defined as progressive, irreversible airflow limitation associated with an abnormal inflammatory response of the lungs to noxious particles or gases, although the primary cause is cigarette smoking (1) . COPD is a complex disease, with airflow limitation caused by the multiple, layered effects of emphysema, chronic bronchitis, and narrowing of the small airways (1) . The societal impact of COPD is enormous. COPD is the fourth leading cause of mortality and morbidity in the U.S. and ranks fifth worldwide. The financial burden associated with COPD is also substantial, with direct costs related to disease management estimated to be around 18 billion dollars per year in the U.S. alone (1) .
The pathophysiology of COPD is incompletely understood, but is thought to involve chronic inflammation, oxidative stress, and increased elastolytic potential in the lung (2, 3) . Increased numbers of macrophages, neutrophils, and lymphocytes in and around the airways, parenchyma, and vasculature characterize the inflammation. Although macrophages and neutrophils are well studied, a potential role of lymphocytes in COPD pathogenesis is increasingly appreciated (3) (4) (5) . COPD patients exhibit increased numbers of both CD4 and CD8 T cells in the lungs and airways. Although CD4 T cell numbers are in greatest number in the lungs and airways, the greatest increase relative to healthy individuals occurs in the CD8 T cell population (6, 7) . Furthermore, the number of CD8 T cells found in the lungs of patients with COPD correlates with disease severity (6, 7) . A role for CD8 cells in the pathogenesis of disease is supported by the fact that mouse models of COPD display significant increases in pulmonary CD8 cells, and CD8-deficient mice fail to develop the hallmark features of COPD, including macrophage accumulation and airspace enlargement (8, 9) . Presently, the contribution of CD8 T cells in COPD pathology remains incompletely understood.
One possible mechanism of CD8 T cell-driven pathology in COPD is that they are undergoing an Ag-driven adaptive immune response. In support of this hypothesis, Fontenot and colleagues, along with others (10, 11) , have demonstrated oligoclonal expansions of T cells within the lungs of patients with COPD. However, the interpretations of these findings are confounded because the study patients presented with lung tumors likely had recent infections, and were frequently derived from an aged patient population. Individually, each of these situations is capable of causing oligoclonal T cell expansions, which obscures the true antigenic stimulus for clonal expansions in COPD (12, 13) . It is possible, though, that oligoclonal T cell expansions occur in response to a self-Ag, and support for this theory comes from the recent demonstration of autoantibodies and autoreactive T cells in patients with COPD (14, 15) . Additional evidence in support of an autoimmune component in COPD comes from the observation that patients who have stopped smoking have sustained inflammation (16, 17) . Taken together, these data are consistent with a role for the adaptive immune system in the pathogenesis of COPD, but the nature of such a response is obfuscated by the complex interaction of environment, cigarette smoke, and health status.
To enhance our understanding of the mechanisms driving adaptive immune responses in COPD, we investigated the effects of cigarette smoke exposure on the TCR repertoire using a mouse model of COPD that is devoid of infection, tumors, and age-related TCR repertoire contractions. Using a combination of spectratyping and nucleic acid sequencing, we found that cigarette smoke exposure, alone, elicited oligoclonal expansions. These expansions occurred predominantly in the lung CD8 T cell repertoire and persisted up to 6 mo after smoking cessation. These studies demonstrate a potential mechanism by which cigarette smoke generates an adaptive immune response in the context of COPD, and contribute to our understanding of COPD pathogenesis.
Materials and Methods

Mice
BALB/cJ mice (female, age 6 -8 wk) used in these studies were purchased from The Jackson Laboratory. All experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Cincinnati Medical Center.
Cigarette smoke exposure
Mice were exposed to either filtered air or the smoke generated from 3R4F Kentucky Reference Cigarettes (University of Kentucky). Cigarette smoke exposures were performed using a TE-10z smoking machine connected to an exposure chamber (Teague Enterprises). Mice were acclimated to smoke exposure for 1 wk before study initiation. Mice were exposed whole body in a chamber maintained at a concentration of 150 mg/m 3 total suspended particulates for 4 h a day, 5 days a week, for 6 mo. An additional cohort of mice was exposed to cigarette smoke for 6 mo, and then housed unexposed for an additional 6 mo. Age-matched filtered air exposed mice were used as controls. All mice were housed in accordance with institutional guidelines.
Pathogen screening
To ensure our colony was pathogen-free, sentinel mice were used to screen for 28 common pathogens. Additional screening measures were undertaken by our laboratory to assess the possibility of pathogen exposure in cigarette smoke-exposed mice. Lungs from filtered air and cigarette smoke-exposed mice (n ϭ 4 per group, exposed 6 mo) were used to isolate genomic DNA and RNA from tissue samples using the DNeasy Blood and Tissue Kit and the RNeasy Micro Kit, respectively (Qiagen). Genomic DNA was also isolated from Pseudomonas aeruginosa, Escherichia coli, and Pneumocystis carinii to serve as positive controls. PCR amplification was conducted using a MasterTaq Kit (5 Prime) and primers which are able to detect the 16s rRNA gene of most known bacterial taxa (5Ј-AGAGTTTGATCCTG GCTCAG-3Ј and 5Ј-AAGGAGGTGATCCAGCC-3Ј) (18) . ␤-actin primers were used to confirm isolation of tissue DNA (5Ј-GTGGGCCGCTCT AGGCACCAA-3Ј and 5Ј-CTCTTTGATGTCACGCACGATTTC-3Ј). The PCR protocol initiated at 95°C for 2 min followed by 35 cycles of 95°C for 45 s, 55°C for 30s, and 72°C for 60s; the final extension was 72°C for 5 min. PCR products were resolved on a 1.5% agarose gel. Real-time PCR primers were used to detect the Pneumocystis carinii rRNA gene (5Ј-ATGAGGTGAAAAGTCGAAAGGG-3Ј, 5Ј-TGATTGTCTCAGAT GAAAAACCTCTT-3Ј, and 6-FAM-AACAGCCCAGAATAATGAATA AAGTTCCTCAATTGTTAC-TAMRA) (19) . All real-time PCR were conducted using the TaqMan Universal PCR Master Mix (Applied Biosystems). Real-time PCR began with an initial step of 50°C for 2 min, and followed by 1 cycle of 95°C for 10 min. This was then followed by 35 cycles of 95°C for 15 s and 60°C for 60 s using a 7300 Real-Time PCR System (Applied Biosystems). Additionally, DNA and RNA samples from each group were analyzed by the Research Animal Diagnostic Laboratory (RADIL) at the University of Missouri. Samples were screened using an Infectious Microbe PCR Amplification Test (IMPACT Profile IV). This test uses PCR amplification to specifically screen for the presence of Mycoplasma spp., Sendai virus, pneumonia virus of mice, mouse hepatitis virus, minute virus of mice, mouse parvoviruses (1, 2, and 3), and Theiler's murine encephalomyelitis virus.
Fixation and analysis of lung tissue sections
Mice were euthanized with an i.p. injection of sodium pentobarbital (Nembutal, 150 -200 mg/kg, Henry Schein) followed by exsanguination. Lungs were inflation-fixed in 10% buffered formalin. Lungs were instilled with fixative to 20 cm H 2 O pressure, carefully removed from the body cavity, and followed by additional fixation for at least 24 h in ethanol. Fixed lungs were embedded in paraffin, sectioned at 5-m thickness, and stained with H&E or PAS reagent. The average interalveolar distance (L m ) was determined as previously described (20) . The measured fields were taken from three separate filtered air and cigarette smoke-exposed mice.
Mac-3 immunohistochemistry
Lung tissue sections were prepared as described above. Mac-3 immunohistochemistry analysis was performed with a rat mAb (clone M3/84; BD Pharmingen). Ag-Ab complexes were detected in paraffin-embedded tissue sections (5 m) of mouse lungs with a Vectastain ABC IgG kit (Vector Laboratories) using a rabbit anti-rat secondary Ab according to the manufacturer's protocol. Counterstaining was performed using hematoxylin. Three separate filtered air and cigarette smoke-exposed mice were used for staining.
Isolation of T cells
Mice were euthanized with an i.p. injection of sodium pentobarbital (Nembutal, 150 -200 mg/kg, Henry Schein) followed by exsanguination. The lungs were then voided of any remaining circulating lymphocytes by perfusion through the right ventricle with 10 ml PBS containing 0.6 mM EDTA. Lungs were removed from the chest cavity, washed with PBS, diced into pieces, and digested in 5 ml RPMI 1640 (HyClone) containing 175 U/ml collagenase I-A, 0.2 U/ml pancreatic elastase, 35 U/ml hyaluronidase, 20 kU/ml DNase I (Sigma-Aldrich), 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin (MP Biomedicals) for 1 h at 37°C on an orbital shaker (60 rpm). After digestion, lungs were sheared through 19-and 21-gauge needles, and filtered through 40 m cell strainers (BD Biosciences) to obtain a single-cell suspension. Spleen cells were prepared by mincing spleens between the frosted ends of two glass slides, and then placed in 5 ml RPMI 1640. This suspension was then passed through a 19-gauge syringe, and filtered through a 40-m cell strainer. Residual RBCs from lungs and spleens were lysed with RBC Lysis Solution (Qiagen). The single cell suspensions were then subjected to a 40% continuous Percoll (SigmaAldrich) gradient to remove dead cells and debris. These cells were washed several times and then separated into CD4 and CD8 subsets by magnetic cell sorting (MACS). MicroBead bound anti-CD4 (L3T4) and anti-CD8a (Ly-2) Abs (Miltenyi Biotec) were used according to the manufacturer's protocol and purity was checked by flow cytometry.
Flow cytometry
Lung lymphocytes were isolated as described above. Cells were initially blocked with anti-mouse Fc␥III/II (CD16/CD32; BD Pharmingen). Cells were subsequently stained in FACS buffer with anti-mouse PE-CD8 (clone 53-6.7; BD Pharmingen) and FITC-CD4 (clone GK1.5; BD Pharmingen). Flow cytometry was performed using a FACScalibur Flow cytometer (BD Biosciences). The data were analyzed using the CellQuest Pro software (BD Biosciences). Positive staining thresholds were determined from appropriate isotype control staining.
T cell repertoire analysis
CD4 and CD8 T cell RNA was isolated using the RNeasy Micro Kit (Qiagen). RNA from lung CD4 and CD8 T cells was amplified using a MessageAmpII RNA amplification kit according to the manufacturer's protocol (Ambion). This was done to use sufficient RNA for analysis, and to prevent any possible artificial skewing of the repertoire due to in vitro culturing (21) . Amplification of RNA has been demonstrated not to influence repertoire analysis (22) . This amplification is linear in nature, and thus does not introduce bias common to logarithmic amplification (23, 24) . In brief, isolated RNA was converted to cDNA and primed using an T7 oligo(dT) primer in order generate cDNA with the T7 promoter sequence. DNA polymerase and RNase H were added to synthesize second strand cDNA and degrade RNA. A cDNA purification procedure using a column-based technique removed salts, primers, and enzymes. This was followed by one round of amplification with T7 RNA polymerase for 14 h and a final column-based purification step. Both spleen RNA and amplified lung RNA were then used for cDNA synthesis using random hexamers (Applied Biosystems). The cDNA generated was used in PCR performed using V␤ primers and a common C␤ primer (25) . These PCR products were then used to examine either the V␤ or the J␤ TCR repertoire using fluorescent primers in a runoff reaction (25) . The runoff products were analyzed using an Applied Biosystems 3130xl Genetic Analyzer and the GeneMapper 4.0 Software (Applied Biosystems).
Sequencing
The cDNA was PCR amplified using Platinum Taq DNA polymerase (Invitrogen) using either V␤13/J␤1.2, V␤13/J␤1.5, or V␤13/J␤2.5 primer sets, and cloned into the pSC-A-amp/kan vector using the StrataClone PCR cloning kit (Stratagene). Individual colonies were randomly selected and grown in LB medium. Plasmid DNA was prepared from bacteria cultures using a standard miniprep kit (Genscript). Plasmids were sequenced by Macrogen, using the universal T7 primer in a BigDye Terminator Cycle Sequencing Ready Reaction and analyzed on an ABI 3730xl sequencer (Applied Biosystems).
Statistics
Significant differences among groups were identified by ANOVA wherever appropriate, and individual comparisons between groups were confirmed by a post hoc Bonferroni-Dunn test. Differences between means were considered significant when the p-value was Ͻ0.05.
Results
Cigarette smoke-exposed mice develop the hallmark features of COPD
We exposed mice to cigarette smoke for 6 mo to study the TCR repertoire in the context of COPD. In contrast to filtered air-exposed controls, cigarette smoke-exposed mice developed the characteristic elements of COPD including emphysema, mucus production, and inflammation ( Fig. 1 and Table I ). Cigarette smoke-exposed mice had substantial airspace enlargement as determined from histological analysis (Fig. 1A and Table I ). Quantification of airspace enlargement using the mean linear intercept (L m ) indicated a 16% increase in cigarette smoke-exposed mice relative to controls (Table I) . PAS staining of paraffin-embedded sections demonstrated mucus cell metaplasia in cigarette smokeexposed mice, which was absent in filtered air-exposed controls (Fig. 1B) . Furthermore, cigarette smoke-exposed mice had significant macrophage accumulation as determined by Mac-3 staining (Fig. 1C and Table I ). Lastly, similar to COPD patients, cigarette smoke-exposed mice had an increase of the CD8:CD4 cell ratio in the lungs (Table I) .
Cigarette smoke exposure causes oligoclonal expansions of lung T cells
We first examined CD4 and CD8 TCR V␤ repertoires in lymphocytes isolated from perfused, digested lungs after 6 mo of exposure using a separate cohort of filtered air-(n ϭ 4) and cigarette smoke-(n ϭ 8) exposed mice. TCR V␤ repertoires were analyzed using the spectratype technique that has been previously used to identify clonal T cell expansions in infection, inflammatory diseases, and tumors (13, 25, 26) . Filtered air-exposed, control mice had a Gaussian-like distribution of all 13 V␤ CDR3 lengths examined, indicating a diverse TCR repertoire (Fig. 2) . In contrast, mice exposed to cigarette smoke had skewed CDR3 distributions, indicating specific TCR usage and clonal expansion (Fig. 2) (27) .
To exclude the possibility that opportunistic infections had occurred in the lungs of mice chronically exposed to cigarette smoke, we isolated DNA and RNA from the lungs of filtered air-and cigarette smoke-exposed mice that were handled, exposed, and housed with the mice used for spectratyping. Using standard PCR techniques, we screened the lungs for the presence of the rRNA gene of most known bacterial taxa. These include, but are not limited to, Pseudomonas spp., Mycoplasma spp., Streptococcus spp., and Staphylococcus spp. Furthermore, using a real-time PCR assay, we screened for the common fungal pathogen, Pneumocystis carinii. To complete our pathogen screening, we also looked for the presence of a panel of viruses Mice were exposed to either filtered air or cigarette smoke as described. Whole lungs were digested, and cells were isolated as described in the Materials and Methods section. Total cells were counted by light microscopy. Lymphocyte, CD4
ϩ lymphocyte, and CD8 ϩ lymphocyte cell numbers were calculated by multiplying the total cell count by percentages obtained from FACS analysis. Lymphocytes were defined by forward scatter and side scatter. Mac-3 ϩ cells and mean linear intercept were determined as described in the Materials and Methods section. Values are presented as means Ϯ SEM (n ϭ 3-8 mice per group).
b Denotes values that are significantly different than controls p Ͻ 0.05. HPF, high powered field.
FIGURE 1.
Histological analysis of filtered air-and cigarette smokeexposed mice. Mice were exposed for 6 mo to either filtered air or cigarette smoke. Lungs were fixed and used for morphological analyses as described in the Materials and Methods. A, Airspace enlargement occurred in cigarette smoke-exposed mice as shown by representative H&E stained slides. Original magnification is at ϫ200. B, Mucus cell metaplasia developed in cigarette smoke-exposed mice as indicated by PAS-positive cells. Positive cells are indicated by arrows. Original magnification is at ϫ400. C, Macrophage accumulation occurred in cigarette smoke-exposed mice as indicated by Mac-3 staining. Mac-3 positive cells are indicated by arrows. Original magnification is at ϫ400.
including Sendai virus, pneumonia virus of mice, mouse hepatitis virus, minute virus of mice, mouse parvoviruses (1, 2, and 3), and Theiler's murine encephalomyelitis virus. We did not detect the presence of any contaminating pathogens in the lungs of mice that may have been introduced by our exposure regimen. Furthermore, routine sentinel screening of our mouse colony did not indicate the presence of 28 common pathogens that potentially affect colonies.
Oligoclonal expansions occur predominantly in the CD8 T cell repertoire
Although expansions occurred in the CD4 TCR V␤ repertoire, oligoclonal expansions occurred most often in the CD8 TCR V␤ repertoire of cigarette smoke-exposed mice (Fig. 3) . Expansions occurred in a majority (9 of 13) of V␤ families examined, and all cigarette smoke-exposed mice displayed expansions in at least one V␤ profile (Fig. 3) . However, oligoclonal expansions occurred preferentially in V␤7, V␤9, V␤13, and V␤14 in both CD4 and CD8 subsets (Fig. 3) . Clonal expansions that could be termed "public" (i.e., all mice have an expansion in one V␤ with a common CDR3 length) were not observed. However, "semipublic" expansions occurred frequently in cigarette smoke-exposed mice. For example, both V␤ 9 and V␤ 13 in the CD8 TCR repertoire had expansions in five of eight exposed mice. A significant number of oligoclonal expansions occurred at common, shared CDR3 lengths among cigarette smoke-exposed mice (Figs. 2 and 3) . The abundance of oligoclonal expansions occurring at shared CDR3 lengths strongly suggests a common antigenic stimulus, and argues against superantigens, systemic effects, or stochastic events altering the TCR repertoire in cigarette smoke-exposed mice. These findings represent the first evidence that cigarette smoke exposure, in the absence of tumors and chronic infection, is capable of causing oligoclonal T cell expansions.
Oligoclonal CD8 T cell expansions are lung specific
To determine whether oligoclonal expansions were specific to the lung, or the result of systemic events, we performed the identical spectratype analyses as above on CD4 and CD8 cells isolated and purified from spleens of the same mice. In contrast to oligoclonal expansions detected in lung T cells, TCR repertoires of splenic CD4 and CD8 T cells from cigarette smokeexposed mice did not demonstrate substantial skewing (Fig. 4) . A limited number (Ͻ2%) of splenic spectratype profiles examined from cigarette smoke-exposed mice had evidence of a slight perturbation in the repertoire. We did not observe this in filtered air-exposed mice. This may be the result of expanded clones in circulation, or recognition of a common self-Ag, as they occurred at the same CDR3 length as in the lung. Although age-related, systemic clonal expansions do occur within the FIGURE 2. Oligoclonal expansions in cigarette smoke-exposed mice. Shown are representative spectratype profiles of V␤ families with predominant expansions from lung CD8 T cell cells of filtered air (FA) and cigarette smoke (CS) exposed BALB/cJ mice. Filtered air spectratypes are representative of four mice. Shown cigarette smoke profiles were selected from eight exposed mice to illustrate expansions at common CDR3 lengths. y-axis, normalized fluorescence intensity; x-axis, CDR3 lengths are shown in amino acids calculated from base-pair lengths. Expansions are indicated by black shading. 3. Lung oligoclonal expansions in cigarette smoke-exposed mice occur predominantly in the CD8 TCR repertoire. Shown is the summation of oligoclonal expansions in lung CD4 and CD8 T cells from cigarette-smoke exposed mice. A shared expansion is defined as an expanded peak of a given CDR3 length that occurred in more than one individual. Private expansions are those that were unique to an individual animal. White box ϭ no expansion/diverse subrepertoire; gray box ϭ private, individual expansion; black box ϭ shared expansion.
CD8 T cell population, they do not occur until after at least 15 mo of age, well beyond our age of 8 mo (28) . Together, these observations suggest that the specific microenvironment of the lung generates unique Ags driving oligoclonal expansions as a consequence of chronic cigarette smoke exposure.
The J␤ repertoire of cigarette smoke-exposed mice is dominated by expanded clones
To analyze the TCR repertoire in detail, we analyzed the 12 J␤ regions within the V␤ CD8 subrepertoires that exhibited significant numbers of expansions at common CDR3 lengths, and therefore suggestive of Ag-driven responses (Fig. 3) . The V␤13 subrepertoire, among others, exhibited several dominant single peaks indicative of clonal expansion (Fig. 5) . Spectratype analysis revealed shared expansions at a CDR3 length of 7 aa for mouse number 3 and mouse number 6 in the V␤13-J␤1.2 subrepertoire. We also found dominant peaks representative of private (unique to an individual) expansions for mouse number 3 and mouse number 6 in the V␤13-J␤1.5 subrepertoire of a CDR3 length of 10 and 9 aa, respectively. Mouse number 2 displayed a dominant, private expansion in the V␤13-J␤2.5 subrepertoire of a CDR3 length of 11 aa. The remaining cigarette smoke-exposed examined mice did not display dominant peaks in the V␤13-J␤ regions examined, but had oligoclonal peaks similar to that seen at the V␤ level (data not shown). Together, these data strengthen the V␤ repertoire analyses, and indicate a combination of shared and private expansions in cigarette smoke-exposed mice.
CDR3 sequences suggest Ag-driven T cell oligoclonal expansion
To determine whether dominant CDR3 spectratype peaks corresponded to shared CDR3 aa motifs, thus indicating traditional Ag-driven clonal expansions, we performed nucleic acid sequencing on these CDR3 regions. We sequenced the lung CD8 T cell V␤13-J␤1.2, 1.5, and 2.5 subrepertoires of three cigarette smoke-exposed mice and a representative filtered air-exposed mouse corresponding to the spectratype profiles shown in Fig.  5 . We chose these specific J␤ regions because our spectratype data indicated these regions were most likely to have dominant clones, thus indicating Ag-driven expansions. All sequence data are presented in Supplemental Table I . 4 Cigarette smoke-exposed mice had specific usage of CDR3 aa sequences with lengths that corresponded to the predominant peaks in the spectratype profiles (Table II) . In contrast, filtered air-exposed mice displayed a broad distribution of sequences that were unrelated to expanded oligoclonal populations found in the cigarette smoke-exposed mice (Table II and Supplemental Table I ). The V␤13-J␤1.2 sequences in cigarette smoke-exposed mouse numbers 3 and 6 revealed a dominance of shared CDR3 lengths (75 and 70% at 7 aa respectively, compared with 7% in the control). Multiple clones with highly similar 7 aa CDR3 sequences in the nD␤n region were present within each individual mouse, indicating Ag-driven expansion. In most cases, clones were just one nucleotide different resulting in a one amino acid difference (Table II) . A common CDR3 7aa sequence, SSANSDY, was shared between mouse numbers 3 and 6 that was not present in the filtered air-exposed mouse or mouse number 2 (Table II and  Supplemental Table I ). In addition, a highly related, but nonidentical, V␤13-J␤1.2 sequence was found between mouse numbers 2 and 6 (SSFGDSDY and SSFGGSDY respectively). These highly related CDR3 sequences of identical length may represent a response to a common Ag, but arise due to a unique T cell repertoire in individual mice (29) . Additional analysis of V␤13-J␤1.5 revealed dominant, high frequency clones within cigarette smoke-exposed mice not found in the control. CDR3 sequencing of V␤13-J␤2.5 yielded the dominant 11aa CDR3 sequence SWIGEGYQDTG which was unique to mouse number 2 (Table II) . CDR3 sequences for V␤13-J␤2.5 in both filtered air-exposed and other cigarette smoke-exposed mice were polyclonally distributed (Supplemental Table I ). In summary, dominant oligoclonal CDR3 aa motifs only found in cigarette smoke-exposed mice strongly suggest that expansions are Agdriven, and confirm our spectratype analyses. Given the diverse nature of the response, it is likely that there are a multitude of Ags, both common and unique, driving oligoclonal expansions in cigarette smoke-exposed mice.
Oligoclonal expansions persist despite smoking cessation
To determine whether smoking cessation restores TCR repertoire diversity, we exposed an additional cohort of mice to cigarette smoke (n ϭ 8) or filtered air (n ϭ 3) for 6 mo as described above followed by an additional 6 mo period without cigarette smoke exposure. We then performed the identical spectratype analysis as was performed above. Surprisingly, the lung TCR repertoire was oligoclonal in mice which underwent cigarette smoke cessation 4 The online version of this article contains supplementary material.
FIGURE 5.
The J␤ repertoire of cigarette smoke-exposed mice is dominated by expanded clones. Spectratype profiles are from filtered air (FA) and cigarette smoke (CS) exposed mice. Shown are profiles from V␤13-J␤ analyses as described in the text. The mouse number is indicated within the spectratype profile box. y-axis, normalized fluorescence intensity; x-axis, CDR3 lengths are shown in amino acids calculated from base-pair lengths. Expansions are indicated by black shading. (Fig. 6A) . Again, all age-matched filtered air-exposed controls displayed diverse repertoires. Oligoclonal expansions primarily occurred in the same V␤s as had occurred after 6 mo of cigarette smoke exposure, and expansions frequently occurred at the same CDR3 lengths (compare Fig. 2 and 6A) . Furthermore, the prevalence of oligoclonal expansions of lung CD4 and CD8 T cells in smoking cessation mice was highly similar to that which had occurred after 6 mo of exposure (Fig. 6B) . Taken together, these data show that smoking cessation has no effect on cigarette smokeinduced oligoclonal T cell expansions. FIGURE 6. Oligoclonal expansions persist despite smoking cessation. After 6 mo of cigarette smoke exposure mice underwent 6 mo of smoking cessation. A, Shown are representative lung CD8 T cell spectratype profiles from age-matched filtered air (FA) and cigarette smoke (CS) exposed mice. y-axis, normalized fluorescence intensity; x-axis, CDR3 lengths are shown in amino acids calculated from base-pair lengths. Expanded CDR3 lengths are indicated by black shading. B, Comparison of oligoclonal expansions in lung CD4 and CD8 subsets between mice exposed to cigarette smoke for 6 mo (n ϭ 8) and mice which had undergone an additional 6 mo of smoking cessation (n ϭ 8). a Sequences of cigarette smoke-exposed mice that indicate shared or dominant CDR3 sequences are shown. CDR3 regions are indicated in bold. Sequences that are highly similar either within or among animals are underlined. Sequence data are available from GenBank under accession numbers FJ010038-FJ010162.
Discussion
In this study, we provide definitive evidence that chronic cigarette smoke exposure, alone, causes oligoclonal T cell expansions. Our data extends the previous observations of oligoclonal T cell expansions in patients with COPD (10, 11) . The present work represents a significant advancement over previous attempts to examine oligoclonal expansions in COPD as our results are unlikely to be confounded by infections, tumors, or age; all of which impact TCR repertoire diversity (12, 13) . Additionally, our data identifies a potential point of convergence between a mouse model of COPD and human disease. Furthermore, this study provides the first evidence that oligoclonal T cell expansions persist following smoking cessation. In addition, using a mouse model allowed us to study resident lung lymphocytes, free of contamination by circulating lymphocytes. This study is significant because it provides novel insights into the development of oligoclonal T cell expansions in COPD.
There could be numerous mechanisms behind the observed changes in the TCR repertoire after cigarette smoke exposure. Contractions in TCR repertoire diversity might result from events related to disruption of T cell homeostatic proliferation, or even systemic suppression of proper immune system development. However, it is unlikely that such events are occurring in cigarette smoke-exposed mice because we were unable to detect significant oligoclonal expansions in the spleen. Moreover, preferential usage of CDR3 lengths in the same V␤ of different mice strongly suggests Ag-driven oligoclonal expansions (27) . This is further supported by the nucleic acid sequence data that demonstrates dominant clones with highly similar ␤-chain CDR3 sequences within individual cigarette smoke-exposed mice. It is likely there are common Ags driving oligoclonal expansions in our model because of the presence of both identical and highly similar clones present among several different cigarette smoke-exposed mice. Also, dominant CDR3 motifs found in cigarette smoke-exposed mice were not found in filtered air-exposed mice. Therefore, chronic cigarette smoke exposure is capable of generating Ag-driven oligoclonal T cell expansions.
The Ags responsible for oligoclonal T cell expansions in our model remain unknown, and may be derived from a number of potential sources. One possibility is that a component of cigarette smoke is antigenic by itself. It is also likely that cigarette smoke could modify self-proteins or molecules thereby generating neoAgs (30) . In an environment of chronic, sterile inflammation and tissue destruction, damage-associated molecular patterns may stimulate the immune system leading to a breakdown of self-tolerance (31, 32) . Furthermore, destruction of lung tissue may also expose the immune system to previously unseen self-Ags against which no tolerance had been previously generated. Evidence for self-Ags driving clonal expansions comes from the recent demonstration that elastin-reactive T cells and Abs exist in patients with COPD (14) . Further evidence for a self-Ag comes from the observation that COPD patients have pulmonary epithelial cell-reactive Abs (15) . However, it is unclear how the breakdown of self-tolerance proceeds in COPD patients. Presently, there is one animal model of autoimmune emphysema (33) , but this model relies on the immunization of animals against endothelial cells. In this study, we present evidence that such immunization may be unnecessary to study autoimmune components of COPD. An additional mechanism driving oligoclonal expansions in our model could come from opportunistic pathogens that have colonized the lungs of our mice resulting from smoke exposure. To address this, we undertook an extensive screening for common opportunistic pathogens that may be a source of oligoclonal expansions. Although we were unable to identify any such pathogens, there exists the unlikely possibility that an infection had occurred.
In combination with the evidence of autoreactivity mentioned above, evidence consistent with the idea that an autoimmune component is involved in COPD pathogenesis comes from the observations that patients who have quit smoking exhibit sustained inflammation and lung function decline (16, 17) . Mice with established emphysema have sustained lymphocyte inflammation up to 17 wk after smoking cessation (34) . It is possible that persistent Ags may lead to sustained recruitment or proliferation as is thought to occur in other autoimmune diseases (35) (36) (37) . Such persistent Ags need not be solely derived from self. It is possible that cigarette smoke constituents, capable of interacting with proteins and generating neo-Ags, have long half-lives and therefore continue to drive clonal expansions. Chronic Ag exposure, whatever the source, may mediate the continued inflammation and lung function decline seen in patients after smoking cessation. However, this remains to be tested. An alternative hypothesis is that persistent oligoclonal expansions of CD8 T cells may be a generalized response to potent antigenic stimulation, and not the result of an active process. For example, it has been demonstrated in mice that the peripheral CD8 T cell repertoire can remain oligoclonal up to 7 mo after one infection with lymphocytic choriomeningitis virus (38) .
The observation that expansions occur primarily in the CD8 TCR repertoire is intriguing considering the recently appreciated role of CD8 T cells in the development of emphysema. Patients with COPD have significant increases of the number of CD8 T cells in the lung, in contrast to a minimal increase of CD4 T cells (6) . The accumulation of CD8 T cells in the lung is recapitulated in mouse models of COPD, and it has been demonstrated that CD8 T cells are required for the development of emphysema (8, 9) . Therefore, it is possible that antigenic activation of CD8 T cells could play a major role in the pathogenesis of COPD. For example, activation of CD8 T cells results in the release of TNF-␣ and IFN-␥ initiating a potentially injurious inflammatory response (39) . This hypothesis is supported by the observation that lung specific overexpression of IFN-␥ results in inflammatory cell recruitment and airspace destruction reminiscent of COPD pathology (40) . Also, the release of chemokines by activated CD8 cells could participate significantly to disease pathology by recruiting additional cell types to the inflamed tissue (40) . Another possibility is that autoreactive CD8 T cells may directly destroy lung tissue by the Fas ligand or perforin/granzyme pathway (39) . This theory is supported by evidence that CD8 cells in patients with COPD express high levels of perforin with a concomitant enhanced lytic capacity (41) . Furthermore, we have shown that caspase 3 activation, a marker of granzyme-mediated apoptosis, is significantly attenuated in the lungs of CD8-deficient mice in a mouse model of COPD (8) .
In this study, we definitively demonstrate that chronic cigarette smoke exposure causes persistent, Ag-driven, lung-specific oligoclonal T cell expansions. These findings demonstrate novel consequences of cigarette smoking and provide insight into the mechanistic actions of pulmonary lymphocytes in COPD pathogenesis. Furthermore, these findings increase the understanding of immune system alterations as a consequence of smoking, which may influence treatment strategies in smokers with and without COPD.
